Introduction
C urrently, there are increasingly urgent demands for various biomedical bone implants to repair bone defects/ damages caused by bone fractures, osteoarthritis, osteoporosis, or bone cancers. 1 However, conventional tissue replacements, such as autografts and allografts, cannot meet the quantity and performance needed by the patients. 2 A large number of 3-dimensional (3D) porous scaffolds have been developed to overcome traditional limitations and have been applied to repair bone defects. [3] [4] [5] However, there are still many problems that need to be resolved to meet clinical requirements. Bone is a complex tissue mainly composed of nonstoichiometric hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 , HAp] and collagen. Approximately 30-35(wt)% of dry bone is of organic materials, *95% of which is type I collagen. 6 Collagen, the main organic component of the extracellular matrix (ECM), induces positive effects on cellular attachment, proliferation, and differentiation of many cell types in culture. It has been widely used as a skin substitute material. [7] [8] [9] [10] [11] [12] As the main inorganic component of bone, HAp has been widely used in many orthopedic and dental implant materials because of its bioactive, [13] [14] [15] osteoconductive, and osteoinductive properties. 16, 17 However, pure HAp and collagen cannot be directly used as bone substitute materials, because pure bulk HAp cannot provide a porous structure with biodegradable properties. In addition, a pure collagen framework lacks calcium and has weak initial compressive strength. Therefore, much attention is focused on porous composites of HAp and biodegradable polymers, such as, polylactic acid, gelatin, and chitosan. Compared with other HAp-biodegradable polymer composites, nano-HAp/collagen composites have been approved as a bioactive and biodegradable scaffold due to their chemical and structural similarity to native bone. [18] [19] [20] Normally, HAp-collagen composite bone scaffolds are prepared by two methods: one involves precipitated HAp or in situ synthesized HAp nanoparticles that are mixed with a purified collagen solution, followed by cross-linkage and a lyophilization process to develop a porous HAp-collagen composite scaffold. 13, 21, 22 The other method involves a porous collagen material obtained through the cross-linking of 1 purified collagen in solution and a lyophilization technique, where a layer of HAp nanostructure is then coated by co-precipitation or mineralization. [23] [24] [25] Method 1 can provide accurate quantity of the HAp content in the scaffold, whereas method 2 can achieve controlled growth of HAp on collagen. However, both methods are related to soluble pure collagen type I, which is mainly obtained from rat-tail tendon, bovine tendon, or skin. 22, 26 The collagen source is very limited, and the extraction process is costly. In addition, the native physiochemical structure of collagen fibrils is likely to be destroyed during the acidic-extraction treatment. When purified collagen is used for the scaffold, it must be recrosslinked to reconstruct a 3D structure, which increases work load and expense. In addition, glutaraldehyde, which is widely used as cross-linker to prepare the collagen scaffold due to its abundant content, low price, and high crosslinking effect for collagenous tissues, probably causes toxicity when it is released into the host due to biodegradation. [27] [28] [29] Moreover, it is very difficult to simulate the natural 3D collagen structure through in vitro reconstruction methods. Therefore, there is urgent need in bone tissue engineering to build a very strong 3D collagen framework or selecting a suitable natural collagen framework for the preparation of HAp-collagen composite scaffolds.
Currently, porcine acellular dermal matrix (PADM), which is mainly composed of type I and II collagen has drawn the attention of researchers in many fields due to its excellent achievements in a variety of biomedical applications. [30] [31] [32] [33] It has been successfully used in covering fullthickness burn wounds in clinical practice. 34, 35 At present, the extraction and purification of ADM from porcine skin has become a mature technique, in which the natural PADM can be well preserved after the removal of cells and cellular components. 36, 37 PADM is inexpensive due to the abundance of porcine skin and the simple extraction method. The natural 3D collagen network structure ensures its good ductility and biodegradation properties in biological solutions or in the body. Moreover, a purified porcine skin sheet can be easily stereo-tailored to a certain size and shape for a variety of applications. Therefore, PADM appears to be a very promising candidate for building a bone engineering scaffold as a natural 3D collagen porous matrix.
The assembly method of HAp on the PADM is also very import for obtaining a bioactive scaffold for bone tissue engineering. Biomimetic mineralization is a process by which organisms form minerals in a bioenvironment. 38 Simulated body fluid (SBF) with ion concentrations nearly equal to those of human blood plasma has been proposed by Kokubo with the purpose of identifying a material with in vivo bone bioactivity instead of using animal for the experiments. 39 Recently, it has been used as a biomimetic mineralization method to prepare biomaterials. [40] [41] [42] In this article, we proposed a new method including precalcification and biomimetic mineralization to prepare a bone tissue engineering scaffold from porcine skin. Using PADM as a matrix, a two-level porous structure is obtained by assembling HAp on the channel surface. The composite scaffold obtained has high mechanical properties and advantages for the cell attachment. The preparation method is low cost, simple, and controllable, and the obtained composite scaffold is very tough and flexible and can easily be tailored to a certain size and shape without a mold. Therefore, it has great potential application for the mass production of high performance bone scaffolds.
Experimental
The HAp-PADM scaffold was prepared by constructing the HAp nanostructure in channels of PADM framework by a two-step biomimetic mineralization process in SBF.
Preparation of SBF
SBF was prepared in accordance with Kokubo's method. 43 The ion concentrations (mM) are as follows: Na 3 (Tris buffer, 6.118 g). The reagents were dissolved in the above order into 800 mL of Millipore water at 36.58C under continuous stirring. Millpore water was added to increase the total volume to 890 mL, the temperature was returned to 36.58C, and the pH was balanced to 7.4 using 1M HCl. Sodium azide (0.02(wt)%) was added to the SBF to restrain the bacteria. The final volume of the solution was added to 1 L of millipoer water.
All the inorganic reagents are purchased from Sinopharm Chemical Reagent Co., Ltd. Triss Buffer was purchased from Sigma.
Preparation of PADM scaffold
Fresh porcine skin was purchased from a local slaughterhouse. The preparation method of the PADM scaffold is described in our patent (CN03139063.3). Briefly, after complete cleaning, excision of the subdermal fat tissue, and removal of hair, the skin was cut into pieces with a thickness of 1.0 mm and purified through basic processing and enzymatic extraction methods to remove the fat and cells. The product was washed carefully with distilled water, and the moisture-laden purified porcine skin was frozen at À808C. After lyophilization at À608C for 4 h, a PADM framework was obtained (Fig. 1a) . 
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Construction of HAp-PADM scaffold
First, PADM framework was cut into 10 mmÂ10 mmÂ 1 mm flakes. Twenty pieces of the above PADM were precalcified through rinsing in 400 mL of 0. Structural and morphological characterization X-ray powder diffraction (XRD) data were recorded on a Japan Burker D8/advance X-ray diffractometer system with graphite monochromatized Cu Ka irradiation (l ¼ 0.15418 nm), together with a diffractometer scan step size of 2y ¼ 0.028, and dwell time of 2 s/step, over a 2y range of 10-708. Scanning electron microscope (SEM; Hitachi, S-4800) was used to characterize the morphology of the pure PADM and the mineralization process of the HAp on the collagen fibrils at an accelerating voltage of 10 kV.
The mass fraction of HAp in the HAp-PADM scaffold
The mass fraction (MF) of HAp in the composite scaffold was calculated by weighing the mass of PADM framework before and after mineralization in SBF at different time periods. The MF was calculated through Equation 1:
In the equation, m 1 is the mass of HAp-PADM scaffold after biomimetic mineralization in SBF, whereas m 0 is the mass of pure PADM before biomimetic mineralization in SBF. MF is the average value of 15 samples for each composition.
Mechanical properties
To mechanical property measurement, the HAp-PADM scaffolds were first rinsed in phosphate buffered saline (PBS; pH 7.4) for a while and then manually convolved into cylinder-shaped samples measuring 5 mm in diameter and 20 mm in height (Fig. 1c, d ). The cylinders were finally frozen at À808C in an ultra-low temperature refrigerator and then lyophilized at À608C. Pure PADM and sample S15D were used for the mechanical property measurements. Five specimens were evaluated for each composition. The dry scaffolds were directly used to measure the compressive strength, whereas the wet ones were first rinsed in PBS (pH 7) for 20 min and then tested on the machine. Resistance to mechanical compression of both dry and wet scaffolds was performed on a computer-controlled universal material testing machine (WDW-1, Jinan). The testing process was referred to as Kim's method with 5 mm/min crosshead speed. 44 The elastic modulus (EM) was defined by the slope of the initial linear section of the stress-strain curve. The Young's modulus of each scaffold was determined between strains of 1% and 2.5%.
In vitro biodegradation rate
Samples for degradation rate test were cut into small bulks weight about 20 mg for each. Fifteen bulks (pure PADM and S15D) for each composition were first placed in 10 mL of 100 mg/mL collagenase PBS (pH 7.4, 0.01 M; Solarbio). The solution was then incubated at 378C for 12, 24, 36, 48, 72, and 96 h. The collagenase solution was replaced by a fresh one every 12 h. At the end of each time point, three samples for each composition were removed from the solution, washed with distilled water, and lyophilized. The degradation rate was calculated through Equation 2.
where DR is the degradation rate, W 0 is the initial dry weight of the samples, and W t is the dry weight of the scaffold at each time point (n ¼ 3).
Cell culture
MC3T3-E1 mouse pre-osteoblast cells (Cell Bank of Chinese Academy of Sciences) were cultured in vitro using aminimal essential medium (MEM) (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillinstreptomycin in a humidified atmosphere of 5% CO 2 at 378C. For in vitro studies, samples were cut into 8 mmÂ8 mmÂ0.6 mm plates for cell culture. First, scaffolds were sterilized using 75% ethanol for 2 h in a 24-well culture plate, washed three times in sterile PBS (pH 7.4), and then immersed in a-MEM for 2 h. Finally, scaffolds were seeded with 500 mL of cell suspension containing 50,000 cells. Another 500 mL of fresh culture medium was then added to each scaffold. The culture was maintained for 2 days in an incubator at 37 8C, 5% CO 2 , and 95% humidity.
MTT assay
Samples were placed into 24-well plates and seeded with 50,000 cells in 1 mL medium. Proliferation of osteoblast was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) assay with a time interval of 2, 5, and 7 days. After the prescribed time periods, the specimens were gently rinsed with PBS and transferred to new 24-well plates. Then, 1 ml of the cell culture medium containing 100 mL of MTT solution (5 mg/mL) was added to each well and incubated at 378C for 4 h to form formazan crystal in cells, which was dissolved by adding 750 mL of dimethyl sulfoxide after the removal of medium. Finally, 250 mL of the MTT solution was transferred to a 96-well plate. The absorbance of each well was measured at 490 nm using a microplate reader.
Confocal laser scanning microscopy observation
Cells after culture for 2 and 7 days on pure PADM framework and S15D scaffold were stained for confocal laser scanning microscope (CLSM) observation. Actin filament was stained by Alexa-fluor488-phalloidin (green fluorescence; Invitrogen; molecular weight *1320), which was first dissolved into 1.5 mL methanol to prepare stock solution and the staining procedure was according to the product instruction. However, the concentration of the working solution is thrice higher than that the instruction recommended due to the high adsorption property of PADM scaffold on dye molecules. One milliliter of the concentrated working solution was added to each sample (8 mmÂ8 mmÂ0.6 mm). CLSM images were obtained with an Olympus IX71 inverted microscope coupling with a charge-coupled device and a display controller software.
Cell morphology
Cell morphology on the HAp-PADM scaffolds was examined using the (SEM, S-4800) after 48 h of cell seeding. The cell-seeded scaffolds were removed from the culture and gently washed with sterilized PBS. Cells on the scaffolds were fixed with 2.5% glutaraldehyde in PBS for 30 min at 4 8C. After removing the fixative, the scaffolds were subsequently gently washed with PBS and distilled water. These scaffolds were each subjected to sequential dehydration for 10 min with an ethanol series (30%, 50%, 70%, 85%, 90%, 95%, and 100%). After being coated with platinum for 40 s, the scaffolds were allowed to dry for a day and observed under the SEM to assess cell attachment and morphology at a 5 kV accelerating voltage.
Statistical analysis
All data from MTT, degradation rate, and mechanical property results were presented as means AE standard deviation. Statistically significant differences ( p < 0.05) between the groups were measured by analysis of variance (ANOVA) and Student-Newman-Keuls (SNK) post hoc parametric procedure. All statistical analysis was carried out using a SPSS statistical software package (version 13.0).
Results

XRD analysis and MF determination
The phase structure changes of the PADM scaffolds during the mineralization process were determined by X-ray diffraction (Fig. 2) . Pure PADM shows a broad peak between 138-268 caused by the collagen fibrils (Fig. 2a) . Figure 2b shows peaks similar to those in Figure 2a , indicating that there is almost no crystalline calcium phosphate or apatite formed on the scaffold after pre-calcification. The inorganic phase can be detected at 2y value of 31.818 by XRD after biomimetic mineralization in SBF for 4 days (Fig. 2c) . The XRD peaks at 2y values of 25.88, 31.818, 32.28, 39.58, and 46.88 become stronger with an increase of the mineralization time ( Fig. 2d-f ) , indicating the nucleation and growth of crystals in the PADM framework. The XRD peaks can be indexed based on a hexagonal HAp crystal of space group P6 3 /m (a ¼ b ¼ 9.418 Å ; c ¼ 6.884 Å ) with reference to the standard Powder Diffraction File (card no. 09-432). The broad collagen peak disappears after mineralization in SBF for 15 days (Fig. 2e) , because the surface of the collagen fibers is completely coated by thick HAp layers. The XRD pattern of sample S30D is not obviously different from that of sample S15D.
It is difficult to assemble HAp on the as-obtained PADM directly in SBF, a pre-calcification process including the sequential immersion of PADM framework in 0.1 M CaCl 2 , K 2 HPO 4 , and CaCl 2 solution has been designed for the enhancement of mineralization. To explore the effect of precalcification on mineralization, control tests were carried out (Fig. 3A) . They show that no HAp peaks can be found for PADM without pre-calcification after mineralization in SBF for 4 days (Fig. 3A-a) and only weak crystallite peaks appear for the 24 day sample (Fig. 3A-b) . Therefore, the pre-calcification process is necessary to induce the fast formation of HAp on the PADM framework. Figure 3B shows the average MF variation of HAp in the composite scaffold with mineralization time, reaching 27.2(wt)% for sample S15D and 40.69(wt)% for sample S30D. Here the mass-loss of the PADM caused by degradation in the SBF during the mineralization process is ignored. Therefore, the actual MF of HAp in the scaffold should be slightly higher than the values given in Figure 3B , especially for the samples that were mineralized for 15 and 30 days that had suffered long-term degradation in SBF.
SEM images of the biomimetic mineralization process in SBF SEM images of pure PADM are shown in Figure 4A . From the low magnification image, we can see that pure PADM is a 3D interconnected network structure. The diameter of the channels is over 100 mm, and the thickness of the channel wall is about 10-20 mm (Fig. 4A-a) . The channels are formed from collagen bundles left over after removal of the epidermis, dermal fibroblasts, and epidermal appendages. Multilevel pores co-exist in the large channels (Fig. 4A-b) . Figure  4A -c illustrates the morphology of the pore wall and large bundle of collagen fiber. The collagen fibrils are connected with each other along the c-axis. Each fibril has periodic striations, which are spaced *67 nm apart (Fig. 4A-c) . These 
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striations are due to the staggering of the tropocollagen, each of which has the complex triple-helix structure. Figure 4B shows the SEM images of the pre-calcification PADM mineralized in SBF for 4 days (S4D). Compared with pure PADM (Fig. 4A-a) , the structure and size of the interconnected channels are well preserved after being mineralized in SBF for 4 days (Fig. 4B-a) . Thick pore walls can still be found in large pores (Fig. 4B-b) . Figure 4B -c shows that the collagen banding pattern can be identified from the pore wall, but the patterns become vague and some bulges appear on the surface of the channel walls and the bundle of collagen fibrils (Fig. 4B-c, inset) . From the XRD results, we conclude that the bulges are the nuclei of HAp, which will eventually grow to be HAp nanocrystals. Figure 4C shows the images of sample S8D. In Figure  4C -a, the interconnected channels are still preserved after 8 day mineralization in SBF and the structure of a single channel still retains its original shape. A large number of flower-like clusters can be found on the channel wall ( Fig.  4C-b, inset) . The flower-like HAp consists of small HAp petals *5 nm in thickness and 100-200 nm in width. The flower-like HAp nanostructures can also be observed on a single collagen fiber (Fig. 4C-c) . We infer that the nucleation and growth process of the HAp nanosturctures on the collagen fibrils and walls are similar. Figure 4D shows the SEM images of sample S15D. The PADM still retains the porous network structure. However, the diameter of the channel is decreased and almost all of the channels are measured to be <150 mm (Fig. 4D-a) . After 15 day mineralization, the flower-like HAp clusters observed in sample S8D have been replaced by a layer of porous selfassembled 3D continuous network-like nanostructures of HAp (Fig. 4D-b, inset) . The micropores are formed by the bending of the HAp flakes sized at 50-120 nm in diameter (Fig. 4D-b inset) . Therefore, a 3D two-level porous HAp-PADM scaffold has been formed, which is composed of large channels formed by collagen bundles and nanopores formed by network-like HAp nanostructures. The network-like HAp nanostructures can also be observed on a single collagen fibril in the collagen scaffold (Fig. 4D-c) . This kind of flowerlike morphology of the clusters is very typical of HAp grown in SBF on many substrates, such as on titanium substrate, Gelatin scaffold. 45, 46 Here, we grow them on the channel wall of 3D PADM framework. Figure 4E illustrates the pre-calcification sample after 30 day mineralization (S30D). Although the PADM maintains the original porous structure (Fig. 4E-a) , the interconnected channels cannot be obviously discerned and most of the channels are measured to be <100 mm in diameter, which is smaller than those of the short-term mineralized samples. The HAp layer on the channel wall is much thicker than those on the previous samples, and some channels are nearly blocked. A large amount of very thin needle-like HAp particles stand up on the channel wall pointing toward the center of the channel, resulting in a reduction in the channel diameter (Fig. 4E-b, inset) . On the surface of the individual collagen fibrils, there are some needle-like HAp nanocrystals growing outward (Fig. 4E-c, inset) . The HAp network on the surface of the channel that appeared in sample S15D is replaced by some individual dendrites built up with tiny needle-like HAp nanocrystals.
For bone tissue engineering applications, the interconnected pore diameter of scaffolds should be about 100 mm for nutrition supply and bone formation. 47, 48 The overgrowth of the crystals on PADM in SBF brings about an irregular and thick HAp layer on the channel surface of sample S30D, which decreases the diameter of interconnected pores and is not beneficial for cell migration, while sample S8D has low HAp content resulting in low mechanical strength. Therefore, sample S15D is selected for cell culture and biological tests in the next phase of our work on account of its 3D two-level porous structure and pure PADM as a control due to its excellent bioactivity in skin tissue engineering.
Mechanical and in vitro biodegradation properties
Compression testing reveals a different stress-strain behavior for dry PADM and sample S15D, and wet sample S15D. The EM of dry sample S15D is 145 MPa, which is much 
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higher than that of dry pure PADM with an EM value of 40 MPa (Fig. 5A) , indicating that the assembly of HAp can obviously reinforce the PADM scaffold. PADM is extracted from fresh porcine skin, which is soft tissue and cannot bear high load in moisture. Therefore, the compressive EM value of pure PADM scaffold in wet condition cannot be measured. However, it shows relatively high compressive EM value of 600 kPa after the incorporation of HAp (Fig. 5A, inset) .
Figure 5B displays the biodegradation rate of the samples in collagenase solution at 378C. On the whole, the weight loss for all the samples reveals an ascending trend with the increasing time. After 12 h of degradation, there are no significant difference between pure PADM and S15D ( p ¼ 0.324). As for pure PADM, the increase of degradation rate can be discerned obviously after 36 h, whereas S15D has a significant increase at 72 h. It can be found that the degradation rate of pure PADM reaches as high as 98% at 72 h, which is much higher than that of 39% for sample S15D ( p < 0.01). After 96 h in collagenase solution, the pure PADM can be completely degraded and the weight loss of S15D reaches as high as 58%. The assembly of HAp effectively influences on the biodegradable property of collagen. 
MTT test and CLSM observation
Cell attachment, proliferation, and morphology studies were conducted using MC3T3-E1 pre-osteoblast cells, which have been extensively characterized for their osteogenic differentiation potential. 49, 50 MTT has been widely accepted as a characterization method for the cell attachment and proliferation. In the MTT test (Fig. 6) , there is no statistically significant difference between pure PADM framework and sample S15D scaffold at each time point during cell culture ( p [(0.906, 0.264, and 0.067] > 0.05). No obvious proliferation of pre-osteoblasts can be observed on the two scaffolds after seeding for 5 days. At 7th day after seeding, the optical density (OD) value of cells cultured on pure PADM is at 1.26, while on sample S15D is at 1.0. Compared with the OD value of 2 and 5 days, proliferation of pre-osteoblasts on the two samples can be observed after 7 day culture ( p < 0.05). Figure 7 shows the cell morphology and distribution on the scaffold after 2 and 7 day culture. Actin filament was stained by Alexa-fluor488-phalloidin, which could emit green fluorescence when excited by light with a wavelength of 488 nm. Figure 7a shows the cell morphology and distribution of viable cells on pure PADM framework after 2 day culture. It can be observed that cells are distributed on the framework with no ordered arrangement due to the naturally original channels of the PADM framework. Porous surface structure determines the cell position on the scaffold and cause different fluorescence intensity of cells or different part of one cell in and out of focus. Cells cannot spread well on pure PADM after 2 days. After culture for 7 days (Fig. 7b) , the cell density appears to be increased, and cells completely spread on the scaffold to be fibroblastic structure. Similar results can be obtained on sample S15D (Fig. 7c, d ).
Cell attachment on HAp-PADM scaffold SEM images show the attachment of MC3T3-E1 cells on the HAp-PADM scaffold after 2 day culture (Fig. 8) . Figure 8a shows an image of a cell colony in a channel of the FIG. 5. Mechanical and in vitro biodegradation properties of the samples. (A) Compressive elastic modulus of dry PADM, HAp-PADM scaffold mineralized for 15 days (S15D), and wet HAp-PADM scaffold (S15D) (inset). **p < 0.05 represents a statistically significant difference between pure PADM and S15D. Error bars designate SD (n ¼ 5). (B) In vitro degradation rate of pure PADM and S15D at different time points. Symbols (*, # ) represent a statistically significant difference as compared with the degradation rate of 12 h for each composition ( p < 0.05). p ¼ (0.324, 0.172) represents no statistically significant difference between the two samples. p < 0.01 represents a statistically significant difference between pure PADM and S15D at 72 h. Error bars designate SD (n ¼ 3). SD, standard deviation.
FIG. 6.
Cell proliferation on pure PADM framework and sample S15D scaffold after 2, 5, and 7 days. **p < 0.05 represents a statistically significant difference as compared with the optical density (OD) value of 2 and 5 days. p (0.906, 0.264, and 0.067) > 0.05 means no statistically significant differences between pure PADM framework and sample S15D at each time point. Error bars designate SD (n ¼ 5).
scaffold. One can observe three cells overlapped together, designated as 1, 2, and 3 (Fig. 8a) . With higher magnification, the intimate contact between the cells and materials is evident (Fig. 8b) . Figure 8c shows the higher magnification view of the cell filopodia, which intimately adheres to the ECM. In Figure 8d , the ECM directly contacts with the cells in the network-like HAp nanostructure with nanopores sized at about 100 nm as described in Figure 4D .
Discussion
To avoid cross-linking during the construction of porous HAp-collagen scaffold, we chose natural PADM framework as collagen matrix to prepare HAp-PADM bone tissue engineering scaffold. PADM was obtained from porcine skin by a nondestructive extraction process. Therefore, the natural cross-linkage between collagen fibrils was well preserved after the removal of cells and fats, which contributed to the interconnected porous structure and the high tensile strength of PADM framework. The thickness of PADM sheet after extraction treatment is almost the same as raw skin measured at 1 mm in thickness. Due to the soft tissue origin and the direct utility of bulk PADM framework, it is very difficult to assemble nano-HAp particles in the 3D PADM framework uniformly by using traditional co-precipitation method, whereas one-step biomimetic mineralization method takes so long time for HAp fabrication on PADM. Therefore, a two-step biomimetic mineralization process, including precalcification and biomimetic mineralization in SBF, was developed for the preparation of HAp-PADM scaffold. This two-step biomimetic mineralization method ensures the uniform heterogeneous nucleation and growth of HAp nanostructure on natural 3D PADM framework.
Continual XRD and SEM characterization were employed to observe the phase composition and morphology changes in the scaffold at different time points during biomimetic mineralization process (Figs. 2-4) . It has been reported that materials with repetitive patterns of anionic groups trap inorganic cations, leading to the nucleation and growth of oriented crystals in vivo. 51 Large amounts of amino acid residues remain on the surface of the collagen fibrils, 52 which can form polar ionic clusters that are highly electriferous, and help gather inorganic ions onto the active sites of the collagen surface. After 15 day mineralization in SBF, a layer of nano-HAp porous structure was formed on the channel wall of PADM framework (Fig. 4D) , and the interconnected channels of PADM were still maintained after the long time biomimetic mineralization process. Therefore, HAp-PADM scaffold with two-level pores is formed, which can be schematically described as shown in Figure 9 . Sample S15D is chosen as scaffold in the degradation and mechanical property tests, and cell culture experiments due to its high content of HAp and proper two-level interconnected porous structure.
Scaffold material is one of the basic factors for tissue engineering. The degradation property of scaffold material is very important. In our experiments, it is proved that envelop of HAp layer on collagen fibers can influence on the in vitro degradation rate of collagen in collagenase solution (Fig. 5B) . Pure PADM shows a time-dependent increase of degraded matrix in the presence of collagenase. In contrast, the S15D matrix shows essentially a constant degradation until 72 h. It is possible that the S15D has, at that time, lost enough of the protective HAp coating that it is susceptible to proteolysis after 72 h (Fig. 5 B) . It suggests that the degradation rate of HAp-PADM scaffold can be controlled by changing the biomimetic mineralization time in SBF. A basic requirement for a scaffold is that the scaffold should be mechanically strong for the cell in-growth and matrix production until tissue regeneration. PADM has high tensile strength, while their compressive strength is very low.
In our experiments, it shows relatively high compressive EM value of 600 kPa after the incorporation of HAp, which is much higher than the value of 1 and 95 kPa of HAp-collagen scaffold recently reported by the similar method. 53, 54 Infiltration of HAp among the collagen fibrils plays an important role in reinforcing the PADM framework. On one hand, the natural PADM that formed a soft framework structure can contribute to the toughness and ductility of the scaffold, that is, its ability to undergo deformation and absorb energy after it begins to yield to soft tissues. 55, 56 On the other hand, HAp as the mineral phase that inserts into and envelops the PADM increases the stiffness of the scaffold.
Therefore, the HAp-PADM scaffold prepared with this method has both the tensile strength from PADM and the compressive resistance that may better meet the requirements for bone substitute materials. Moreover, PADM has a long history of use in skin tissue engineering, 7, 34, 35 whereas HAp is the main component of bone, indicating that both of them have good biocompatibility.
MC3T3-E1 preosteoblasts have been widely used as model cell to investigate various cell behaviors on scaffolds for the application of both dental implants and bone substitute materials. 57, 58 In this study, they were employed to characterize the cell morphology and in vitro cell proliferation on HAp-PADM composite scaffold material. MTT is a traditional method in cytotoxicity test of scaffold and CLSM has been widely used for the cell morphology and distribution observation. In our study, both MTT and CLSM results indicate that there are no statistically significant difference between HAp-PADM scaffold and PADM framework for the culture of pre-osteoblasts at different time points.
MTT results show that cell proliferation on pure PADM can be observed after 5 days, whereas no proliferation can 
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be observed on sample S15D. Proliferation on both pure PADM and S15D can be observed at 7th day. That is because the prepared scaffolds are highly porous with high water uptaking property. FBS in the culture medium can be easily immersed into the scaffolds and adsorbed by the hydroxyl groups and amino acid residues of collagen, resulting in the lack of FBS in the culture medium to maintain the normal cell proliferation. However, although a large amount of FBS is adsorbed into scaffolds, cells on the scaffold can still live on the FBS adsorbed on the scaffold surface and in the culture medium but their growth is obviously restrained. The culture medium with FBS is changed every 2 days for MTT assay. The protein adsorption will be saturated on the scaffold surface after twice changes. If given enough FBS adsorption on the scaffolds, cell proliferation on the scaffolds can be observed at 5th day (see Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertonline.com/ten). Therefore, proliferation on both pure PADM and sample S15D can be observed at 7th day. CLSM results support this point, which give the expected results of cell distribution and spread on the scaffolds. The exact interaction between cells and HAp-PADM matrix is characterized by SEM, which have higher magnification and resolving power. It shows that cell filopodia can tightly adhere to secondary nanoporous structure formed by flake-like HAp. It has been reported that most of the ECM are nanoscale in dimension and they play an important role in stimulating cell growth, and thus guide tissue regeneration. 59 Here the obtained HAp-PADM scaffold has a two-level porous structure, with large channels (*100 mm in diameter) inherited from the purified PADM microstructure, and small pores (<100 nm in diameter) made up of self-assembled HAp on the channel surfaces. The former benefits the transportation of nutrients and metabolic wastes and the cell migration in the scaffold. The latter are beneficial not only for the degradation of collagen and absorption of HAp, but also for the attachment and growth of cells in a plasma environment.
Conclusions
We have demonstrated the fabrication of a HAp-PADM scaffold with a 3D two-level porous structure by assembling the HAp nanostructures on the channel surface of PADM framework using a two-step biomimetic mineralization method. The HAp-PADM scaffold mineralized in SBF for 15 days has both interconnected channels (*100 mm in diameter) formed by collagen fiber bundles and nanopores (<100 nm in diameter) self-assembled by HAp flakes. The pre-calicification process plays an important role in promoting the formation of HAp nuclei on the PADM, and the biomimetic mineralization process in SBF contributes to the formation of HAp nanostructures. The compressive EM value of wet sample S15D is as high as 600 kPa, and CLSM and MTT results show similar morphology and proliferation of MC3T3-E1 cells on pure PADM framework and S15D scaffold, indicating that the S15D has relatively high mechanical strength but no cytotoxicity in vitro. It can be concluded that HAp-PADM scaffold is a promising scaffold for bone repair and our method indicates that natural ADM as a soft tissue base has potential use in bone tissue engineering.
